Spermatozoa are cells distinctly different from other somatic cells of the body, capacitation being one of the unique phenomena manifested by this gamete. We have shown earlier that dihydrolipoamide dehydrogenase, a post-pyruvate metabolic enzyme, undergoes capacitation dependent tyrosine phosphorylation and the functioning of the enzyme is required for hyperactivation (enhanced motility) and acrosome reaction of hamster spermatozoa (Mitra and Shivaji, 2004). In this report we have investigated the localization of this mitochondrial enzyme in spermatozoa revealing non-canonical extramitochondrial localization of the enzyme in mammalian spermatozoa. In hamster spermatozoa, dihydrolipoamide dehydrogenase along with its host complex, the pyruvate dehydrogenase complex, is localized in the acrosome and in the principal piece of the sperm flagella. The localization of dihydrolipoamide dehydrogenase, however, appears to be in the mitochondria in the spermatocytes but in spermatids it appears to show a juxta nuclear localization (like Golgi). The capacitation dependent time course of tyrosine phosphorylation of dihydrolipoamide dehydrogenase appears to be different in the principal piece of the flagella and the acrosome in hamster spermatozoa. Activity assays of this bidirectional enzyme suggest a strong correlation between the tyrosine phosphorylation and the bi-directional enzyme activity. This is the first report of a direct correlation of the localization, tyrosine phosphorylation and activity of the important metabolic enzyme, dihydrolipoamide dehydrogenase, implicating dual involvement and regulation of the enzyme during sperm capacitation.
Introduction
Spermatozoa, the haploid cells, are unique compared to other cells with respect to their morphology and functionality; needless to say the underlying signaling mechanisms in a functional spermatozoon are also unique. The metabolic pathways in a mature spermatozoon are compartmentalized (1-3), which probably enables them to survive in two different kinds of milieu, the male and the female reproductive tract. The residence time in the female reproductive tract is an obligatory event in the life cycle of a spermatozoon and was termed as "capacitation" (4, 5) . During capacitation spermatozoa undergo multifaceted changes in aspects like metabolism, intracellular ion concentrations, plasma membrane fluidity and thus membrane reorganization, intracellular pH, intracellular cAMP concentration and generation of reactive oxygen species (6) (7) (8) . These cellular alterations during capacitation bring about three physiological changes: a) hyperactivation (enhanced motility), b) tyrosine phosphorylation in an array of proteins and c) acrosome reaction (release of the acrosomal contents); the first two events show a temporal correlation with capacitation while acrosome reaction is taken to be the end point of capacitation (9) .
Protein tyrosine phosphorylation of is considered to be a hallmark of sperm capacitation (10) (11) (12) (13) (14) (15) but only a few of these proteins have been identified and the functional significance of the respective tyrosine phosphorylation has been ascertained only in a few cases. The protein kinase A anchoring potein(s), AKAP(s), localized in the principal piece of the sperm flagella have been explored in a greater detail in this regard (11, 16) . Recently tyrosine phosphorylation of AKAP3 has been shown to result in the recruitment of protein kinase A to the sperm flagella causing an increase in motility (17) . Further, the essentiality of a balance between protein tyrosine kinase and phosphatase activities have also been demonstrated as a mandatory requirement for a successful acrosome reaction (18) .
Regulation of metabolic enzymes by phosphorylation has been well established in different cells (19) (20) (21) . However, the metabolism of spermatozoa is quite distinctly different from other cells and thus less understood, with spermatozoa having specific isoforms of key metabolic enzymes (22) (23) (24) . As there is little or no cytoplasm in spermatozoa, most of the cytoplasmic enzymes exhibit non-canonical localization in two domains of the sperm namely, the head and the flagellum. The head hosts the nucleus and the acrosome; the midpiece of the flagellum hosts all the mitochondria and the tail piece, further divided into a principal piece and an end piece, harbors cytoskeletal elements. The two ideal examples of noncanonical localization of metabolic enzymes in spermatoza are the sperm specific isoforms of hexokinase, (localized in mid piece and principal piece of the flagella and in sperm head (25) ), and lactate dehydrogenase (localized in the mitochondrial matrix (26) ). The non-canonical localizations of metabolic enzymes indicate towards an extra mitochondrial energy production centre; the ATP generated after glycolysis has been shown to be the source of tyrosine phosphorylation during capacitation of mouse spermatozoa (3) . In our previous report we have established the importance of a post pyruvate metabolic enzyme, dihydrolipoamide dehydrogenase, in hamster sperm hyperactivation and acrosome reaction (27) . We also identified the enzyme to be a target of the capacitation dependent protein tyrosine phosphorylation cascade.
Dihydrolipoamide dehydrogenase, a flavoprotein disulphide oxidoreductase, is the E3 component of alpha-keto acid dehydrogenase multienzyme complexes (28) . It is, canonically, a mitochondrial enzyme, the exact localization being in the mitochondrial matrix (29) . Dihydrolipoamide acetyltransferase, another component of the same multi-enzyme complexes, is the physiological substrate of E3. The enzyme, E3, is active as a dimer and the main catalytic activities of E3 are: a) dehydrogenase (bi-directional), b) diaphorase and, c) oxidase (30 Golden hamsters (Mesocricetus auratus) aged 6 months were used as experimental animals. All animal experiments were performed in accordance with the guidelines of the Institutional Animal Ethics Committee of CCMB. Spermatozoa were collected from the caudal epididymides into TALP (medium which is known to support capacitation of hamster spermatozoa) (41) by swim-up technique (27) and thereafter counted in a Makler chamber using a Computer Assisted Semen Analyzer (CASA), HTM-CEROS (Hamilton Thorne, Maryland, USA). Aliquots from the swim up were used for different studies. Hamster spermatozoa maintained in TALP medium in 5% CO 2 at 37ºC attained capacitation within 3 to 5 hours (42 (37) and pig heart E3 (38) have been shown to be regulated by alteration of the NAD: NADH ratio. However, a phosphorylation-dephosphorylation cycle of the alpha subunit of the E1 component of the PDHc seems to be a stronger regulator in eukaryotes (39, 40) . No direct regulation of E3 has been observed as far as pyruvate metabolism is concerned. This paper reveals non-canonical extra mitochondrial localization of dihydrolipoamide dehydrogenase (E3) in mammalian spermatozoa; in hamster spermatozoa the enzyme shows dual localization in the acrosome and in the principal piece of sperm flagella. The data further demonstrate a strong positive correlation between the tyrosine phosphorylation status of the enzyme and its bi-directional enzymatic activity in the two locations in the hamster spermatozoa during capacitation, indicating a dual control of the metabolic enzyme during the cellular event.
4 maintained in TALP medium were harvested at the time points mentioned in the study.
Detection of phosphorylation and protein levels-5 X 10
6 spermatozoa were used to study tyrosine phosphorylation by SDS-PAGE immunoblot analysis (27) with monoclonal antiphosphotyrosine (αPY) antibody (Upstate, New York, USA) as follows: a) blocking with 5% non-fat milk, b) incubation with 1: 10,000 dilution of primary antibody (αPY) in 1% BSA in TBS-T (TBS containing 0.1% Tween 20), c) incubation with 1: 10,000 dilution of secondary antibody conjugated with horse radish peroxidase in 1% BSA in TBS-T. These steps were interspersed with washes in TBS-T. The blots were then developed using the Enhanced Chemi-Luminiscence kit (Amersham, Buckinghamshire, UK). Immunobloting of the 2D-PAGE was also performed as described above while the 2D-PAGE was run according to the method of O'Farrell (44).
Acrosome Reaction-A minimum of 100 spermatozoa were scored for each time point using a phase contrast microscope (Leitz, Germany) with a 40X objective (42) . The samples were stained with eosin Y (0.25% in TALP medium) and scored for spontaneous acrosome reacted spermatozoa. The spermatozoa undergoing or having undergone acrosome reaction were counted as positive. The results were expressed as percentage of acrosome reacted spermatozoa.
Generation of antibody-Antibody against E3 was raised in rabbit by injecting 200 µg of pig heart E3 as the antigen (Sigma, Missouri, USA). All injections were given sub-cutaneously, the first three being in Freund's complete adjuvant and the later ones (one or two) in Freund's incomplete adjuvant.
Indirect immunofluorescence and confocal studies-Spermatozoa maintained in TALP medium were collected carefully ignoring the pellet of dead cells at the bottom of the microfuge tubes. Spermatozoa were washed (1000 rpm for 5 mins at room temperature) and fixed with 2% formaldehyde (10 mins) prepared freshly in TBS. The fixed sperm suspension was then coated properly on clean glass coverslips and air-dried (37 0 C). Cells on the coverslips were freshly permeabilized by dipping in ice cold (-20 0 C) methanol (20 seconds) and were blocked (5% BSA in TBS) followed by incubations with primary and appropriate secondary antibody (made in 1% BSA in TBS). All the incubation steps were interspersed with 3-4 washes in TBS. Mitotracker CmxRos (Molecular Probes, Eugene, USA) staining of MCF-7 cells grown on cover slips was performed using 200 nM dye for 45 minutes in serum free medium. Cover slips were washed with serum free medium after which the cells were fixed with 3.5% formaldehyde (in the same medium) for 10 minutes. After immunostaining cover slips were processed for antibody staining as before and mounted on clean glass slides using Antifade (Vector Lab, California, USA) as the mounting medium and viewed in an Axiolpan2 epifluorescence microscope (Carl Zeiss Inc, USA). Co-localization studies were done using a laser scanning confocal microscope, LSM510 Meta (Carl Zeiss Inc, USA). The dyes used were FITC and Cy3 (or Mitotracker dye) for the dual staining, which were excited at 488 nm and 543 nm laser lines respectively. Optical sections (0.2µm  each) of the sperm samples were obtained during the scanning and for each sample 2-5 innermost sections were projected.  Dissolution of acrosomal matrix-The acrosomal matrices were dislodged from the spermatozoa following an established protocol (45) with little modifications. The spermatozoa were harvested at different stages of capacitation and placed on ice. The sperm pellets were then washed twice with cold TBS (500g for 5 mins), resuspended in HEPES buffer (10 mM HEPES and 140 mM NaCl, pH 7.2) containing 0.1% TritonX-100 and 0.25 mM PMSF and once again kept on ice for 1 hour. After vortexing the spermatozoa were then subjected to homogenization in a Dounce homogenizer. They were further kept on ice for 30 minutes after which spermatozoa were centrifuged (350g for 5 minutes) and washed again in TBS. SDS-PAGE extracts were prepared as mentioned before. Protein estimation was done with the extracts according to the method of Karlsson et al. (46) . Acrosomal matrices were partially dislodged from the sperm head by the method used for guinea pig spermatozoa (47) . Briefly, hamster spermatozoa were collected from the cauda epididymides in a buffer having 20 mM sodium acetate (pH 5.2) and 0.15 M NaCl (along with 0.2 mM PMSF, 0.5 µg/ml leupeptin and 0.5 µg/ml aprotinin) and were washed at 500g (5 mins) at 4 0 C. The sperm pellet was then suspended in the same buffer with 0.625% TritonX-100 and the suspension was passed through a 26 gauze needle 20 times. This, although did not dislodge all the acrosomal matrices completely, loosened them and spermatozoa could be identified at different stages of acrosomal matrix loss.
Immunohistochemistry-Testes, dissected out from the animals and rinsed in TBS, were fixed overnight in Bouin's fixative (70% water saturated picric acid, 20% formaldehyde and 5% acetic acid) after which the tissue was washed in 70% alcohol and dehydrated in a graded series of alcohol. Moulds were prepared with paraffin wax and 5 µm thick sections were collected on slides coated with 0.5% gelatin. Sections were deparaffinized in xylene (20 minutes) and hydrated through graded alcohol incubations and finally transferred to distilled water. Deparaffinized hydrated sections were stained with PAS-Hematoxylin and staging of the seminiferous tubules was done according to Miething (48) . Parallel sections were processed for immunohistochemistry; blocked with 5% BSA (in TBS) followed by primary and appropriate secondary antibody (made in 1% BSA in TBS) incubations. Each incubation was interspersed with gentle washes in TBS. Finally, the colour was developed by incubating the sections with NBT/BCIP in presence of 0.1 mM levamisole to inhibit any endogenous alkaline phosphatase activity. Sections were rinsed in distilled water and mounted in 30% glycerol and viewed under the bright field of Axioplan 2 microscope (Carl Zeiss Inc, USA).
Enzyme assay-The detergent soluble sperm lysates were prepared, with sperm pellets harvested at different time points during capacitation, according to the method of Patel et al. (28) . In brief, a pellet of 100 spermatozoa was suspended in 200 µl hypotonic phosphate buffer with TritonX-100 (1%), protease inhibitors (0.2 mM PMSF, 0.5 µg/ml leupeptin and 0.5 µg/ml aprotinin) and sodium orthovanadate (1 mM) and kept on ice for 1 hour. The suspension of cells was then subjected to 3-4 freeze-thaw cycles and again kept on ice for 1 hour and centrifuged at 14,000 rpm for 15 minutes. 5 µl of the supernatant was used for the enzyme assay (equivalent to 2.5 X 10 6 spermatozoa). The enzyme assay was performed in 200 µl volume according to Gazaryan et al. (30) with some modifications. The substrates for the assay were dihydrolipoamide (8 mM) and lipoamide (4 mM) for the forward and reverse reactions respectively. NAD (0.32 mM) and NADH (0.16 mM) were used as co-factors for forward and reverse reactions respectively. The activity of the enzyme was measured as a change in optical density (OD 340 ) in a UV visible spectrophotometer (Shimadzu); the unit of activity was expressed as (µmoles of NADH / min) / µg of total protein in Table 1 . However, in the experiment where E3 activity has been compared at different time points of capacitation the enzyme activity was expressed as µmoles of NADH/ min and further normalized by a factor of 10 -3 as in figure 11 . This is because of the fact that a lot of acrosomal proteins are lost during capacitation, which would overestimate the activity at the time points when the percentage of acrosome reacted spermatozoa is high.
Statistical analysis-The correlation between acrosome reaction and forward activity of hamster sperm E3 was done using Spearman's correlation coefficient (r s ) using SPSS, version 11.0.1; significance of correlation between the parameters was also checked using the same software. For the sake of comparison the values of forward activity of E3 were normalized with the percentage viability of spermatozoa at the respective time point since during capacitation a reduction in viability was observed. .
Results
Validation of the rabbit polyclonal antibody raised against purified pig heart dihydrolipoamide dehydrogenase-
The polyclonal antibody raised against purified pig heart dihydrolipoamide dehydrogenase (E3) was validated by 2D-PAGE immunoblots and immunofluorescence methods. The 2D-PAGE immunoblot of hamster sperm lysate with the polyclonal anti-E3 antibody detected a single spot (Fig. 1A , left panel), which was previously identified as E3 by Nterminal sequencing (27) . E3 being a part of the pyruvate dehydrogenase complex (PDHc), a polyclonal antibody raised against the whole PDHc except E3 (kindly donated by Dr. R.A. Harris) was used to detect the other components of the complex in immunoblot of sperm extracts, as shown in the right panel of figure 1A.
E3 along with its host complex, PDHc, are canonically mitochondrial proteins. Therefore, it is expected that both E3 and PDHc, would colocalize with the mitotracker used as a mitochondrial marker. Thus, dual staining was performed in a mammalian cell line, MCF-7, using the polyclonal anti-E3/anti-PDHc antibody and the mitotracker dye The localization of dihydrolipoamide dehydrogenase (E3) has been investigated in spermatozoa from the hamster caput and cauda (non-capacitated) epididymides by indirect immunofluorescence using polyclonal E3 antibody. Figures 2A and B show acrosomal staining of E3 in hamster spermatozoa from the cauda and caput region of the epididymides respectively. Faint staining was also observed in the principal piece of the flagella in hamster spermatozoa from the cauda region ( Fig. 2A) . Polyclonal anti-E3 antibody preabsorbed with the purified protein (100µg/100µl) could not detect any distinct staining in hamster spermatozoa thus proving the authenticity of the localization (Fig. 2C) . Monoclonal antibody to the sperm mitochondrial protein Phospholipid hydroperoxide glutathione peroxidase (PHGPx) (kindly donated by Prof. Kühn) was used as a marker for sperm mitochondria, and as anticipated, it localized to the midpiece of spermatozoa (Fig. 2D) . However the antibody also showed some staining in the head of hamster spermatozoa which is in all probability because of the nuclear seleno-protein detected by this antibody as shown previously in rat spermatozoa (49, 50) . Further, even when TritonX-100 was used to expose the mitochondrial proteins (51), E3 antibody still failed to convincingly stain the mitochondria in the mid-piece, although little scattered staining was observed in this part (Fig. 2E) . It was also observed that detergent treatment obliterated acrosomal staining and the staining in the principal piece increased. The polyclonal PDHc antibody also stained the acrosome and the principal piece of the flagella of spermatozoa taken from cauda epididymides (Fig. 2F) , very similar to E3 staining. The preimmune rabbit serum stained only a small part of the acrosome represented as a fine line of staining (Fig. 2G) , in contrast to the markedly distinct staining of the entire acrosome by the E3 antiserum (Fig.  2H) . Figures 2I and J show the corresponding bright field images. (The fact that rabbit sera show cross-reactivity in the hamster sperm acrosome was also observed earlier by workers demonstrating localization of p26h (52)). To investigate the fate of E3 during sperm capacitation, immunofluorescent studies were performed with hamster sperm samples prepared at different time points during capacitation. The intensity of E3 staining in the principal piece of the hamster sperm flagellum increased from 0 hour (non capacitated) to the 7 th hour of capacitation, as shown by a representative spermatozoon from each time point (Fig. 2K) . However, the intensity of staining in the acrosome did not seem to change with capacitation, only around 20% of the spermatozoa appeared to have lost the acrosomal E3 staining at the 7 th hour of capacitation.
In order to investigate the generality of the extra mitochondrial localization of E3, immunolocalization of E3 in the caput and cauda epidymidal spermatozoa of another rodent species (mouse) was carried out and the results confirmed the extra-mitochondrial acrosomal localization of E3 also in mouse spermatozoa (Fig. 3A, B) . However, attempts to stain human sperm with the polyclonal E3 antibody raised against pig heart E3 failed to show any positive staining (data not shown). But when the anti PDHc antibody, raised against corresponding human proteins was used, distinct extramitochondrial acrosomal staining was observed in human spermatozoa (Fig. 3C) .
Thus, the results taken together bring out clearly that the canonical mitochondrial protein E3 and also the hosting enzyme complex, PDHc, exhibit extra-mitochondrial localization in mammalian spermatozoa; hamster spermatozoa show the whole complex including E3 to be present both in the acrosome and the principal piece of the sperm flagella.
Association of dihydrolipoamide dehydrogenase with the acrosomal matrix of hamster spermatozoa-
The calcium ionophore A23187, which is known to induce complete acrosome reaction (53) , characterized by the total release of the acrosomal contents and exposure of the inner acrosomal membrane (54) , was used to check whether acrosomal dihydrolipoamide dehydrogenase (E3) is released during acrosomal exocytosis. A23187 (5µM for 2 hours) could release almost all the E3 from the acrosome as seen in immunofluorescence studies (Fig. 4A) . However, in partial acrosome reacted spermatozoa, as shown by a representative spermatozoon in phase (Fig. 4B, upper panel) , E3 is retained in the acrosome (Fig. 4B, lower  panel) . When immunoblotting was done with the sperm sample similarly exposed to A23187 for inducing acrosomal exocytosis, the experimental sample showed less amount of E3 in the spermatozoa than the control (sperm not treated with A23187 at the same time point) (Fig. 4C) , indicating the release of E3 during acrosomal exocytosis. The same figure also shows the release of P26h whose homologue, P34H, has been previously shown to be released during acrosome reaction in human spermatozoa (55) . Thus the results indicate that E3 is released during complete acrosome reaction and not localized in the inner acrosomal membrane, which is the part of the acrosome exposed after acrosome reaction. Further, to investigate whether E3 is localized in the plasma membrane or the acrosomal matrix, hamster spermatozoa were demembranated by TritonX-100 treatment followed by mechanical shearing which could partially dislodge the acrosomal matrix of the demembranated spermatozoa (47) . Immunofluorescence of these hamster spermatozoa with polyclonal anti-E3 antibody revealed E3 staining in the TritonX-100 resistant acrosomal matrix. Figure 4D shows E3 staining in TritonX-100 treated hamster spermatozoa in different stages of dislodgement of the acrosomal matrix. Thus our results indicate that E3 is localized in the acrosomal matrix of hamster spermatozoa, which is released during complete acrosome reaction.
Dihydrolipoamide dehydrogenase shows a mitochondria type localization and not a Golgi type in testicular spermatocytes of adult hamster-
Acrosome is a Golgi derived organelle and thus one expects dihydrolipoamide dehydrogenase (E3) to localize in the Golgi of the spermatogenic cells. It is known that Golgi exhibits a very characteristic juxtanuclear localization (56) while the mitochondrial proteins show perinuclear localization. Thus, an immunohistochemistry approach was used to investigate if dihydrolipoamide dehydrogenase (E3) shows a mitochondria type or a Golgi type staining in the adult testicular cells. Figure 5B shows that the polyclonal E3 antiserum faintly stained the whole tubule and the interstitium very strongly (arrows in Fig. 5B ), while the preimmune serum stained the luminal side of the seminiferous tubules (arrows in Fig. 5A) . Investigation of the testicular sections at higher magnification revealed E3 staining of the Leydig cells in the interstitium (arrows in Fig. 6A, L) . It was also observed that the spermatocytes in the mid-pachytene stage (stage VII) exhibited granulated staining around the nucleus (arrows in Fig. 6A ) while in the step 1 spermatids (stage I) the stained granules appeared at the Golgi pole of the nucleus (arrows in Fig. 6C ). The parallel PAS-Hematoxylin stained sections show the extent of acrosome formation in the corresponding stages (Fig. 6B, and D) . Comparison of Figure 6C and 6D brings out the fact that E3 accumulates in the Golgi pole (from where acrosome starts forming) in the spermatids.
E3 was not detected in the developing acrosome (or the flagella) either in the spermatids or in the matured testicular spermatozoa by immunohistochemistry, but in spermatozoa released from testis staining could be observed in the acrosome by a more sensitive immunofluorescence staining method (Fig. 6E) . Thus, E3 shows a mitochondrial type of stain in the spermatocytes and appears to be in the Golgi pole in the spermatids.
Tyrosine phosphorylation of dihydrolipoamide dehydrogenase detected in the principal piece of hamster sperm flagella-
Previously we had demonstrated that dihydroliamide dehydrogenase (E3) shows capacitation dependent tyrosine phosphorylation in hamster spermatozoa (27) . The dual localization of E3 in hamster spermatozoa as observed in this study prompted us to investigate if E3 is tyrosine phosphorylated in one or both the locations. Lack of knowledge of the tyrosine phosphorylated site of this newly identified phosphorylated form of the protein led us to take an indirect approach towards this question as described below. Figures 7A and 7B show the staining of tyrosine-phosphorylated proteins using monoclonal anti-phosphotyrosine antibody (4G10), in non-capacitated and capacitated hamster spermatozoa. As in other mammalian spermatozoa (11) (12) (13) (14) (15) , it was observed that almost all of the capacitation dependent tyrosine phosphorylated proteins localize in the flagella of capacitated hamster spermatozoa. Further, as a modification, the coverslips coated with capacitated hamster spermatozoa were preincubated with polyclonal E3 antibody to block all the available E3 epitopes (irrespective of the tyrosine phoshorylation status) and were followed by staining of the phosphotyrosine residues (in any protein). Figure 7C shows that blocking the E3 epitopes markedly reduced the signal from tyrosine phosphorylated proteins in the principal piece of the sperm flagella (marked by yellow arrows). The reduction in signal in the mid-piece of the spermatozoa by the same antibody (marked by green arrows in Fig. 7C) could be attributed to preimmune serum which when used for pre-incubation gave a reduced middle piece staining (green arrows in Fig. 7D ). Furthermore, pre-incubation with the polyclonal PDHc antibody was used as another control, which showed very little reduction in the signal intensity from phosphotyrosine residues (Fig.  7E) . Thus, the immunofluorescence data indicate a substantial contribution of E3 in the pool of the capacitation dependent tyrosine phosphorylated proteins in the principal piece of hamster sperm flagella.
Further dual staining was performed with E3 (FITC) and phosphotyrosine (cy3), in non-capacitated and capacitated hamster spermatozoa, with the aim of identifying the tyrosine phosphorylated form of E3. For this purpose, keeping the result of the previous experiment in mind, the first antibody used for staining was anti-phosphotyrosine antibody (so that all tyrosine phosphorylated sites of E3, along with other tyrosine phosphorylated proteins are bound by the antibody). This was followed by staining with E3 antibody. As a control the reverse incubation (E3 staining followed by anti-phosphotyrosine staining) was also done in a capacitated sperm sample. As no tyrosine phosphorylation signal was detected in the acrosome and E3 is detected only in the principal piece of the sperm flagellum, only this part of the cell is being presented in the results of the dual staining experiment. As expected no tyrosine phosphorylation was detected in the non-capacitated spermatozoa (0 hours) (Fig. 8A , B and C) for the E3 staining to show colocalization with. In the capacitated spermatozoa (Fig. 8D , E and F) a distinct colocalization was observed which was obliterated when sample was first blocked with polyclonal E3 antibody (Fig. 8G, H and I) . Thus, the results indicated the presence of a tyrosine phosphorylated form of E3 in the principal piece of the capacitated hamster sperm flagella.
Time course of tyrosine phosphorylation of dihydrolipoamide dehydrogenase is different in different locations of hamster spermatozoa-
To follow the time course of tyrosine phosphorylation of dihydrolipoamide dehydrogenase (E3) in both the locations in hamster spermatozoa, cell fractionation experiments were done followed by detection of phosphorylation by immunoblotting with monoclonal anti-phosphotyrosine antibody (4G10). We have previously shown (11) that the 56 kDa molecular weight protein later identified by us (27) as E3, is the only tyrosine phosphorylated protein at this molecular weight range in a two dimensional immunoblot with monoclonal anti-phosphotyrosine antibody (4G10). Thus analysis of parallel SDS-PAGE immunoblots of hamster sperm lysates, with antiphosphotyrosine antibody and anti-E3 antibody, suffices for the analysis of tyrosine phosphorylation of E3. As the localization of E3 is shown to be in the acrosomal matrix and the principal piece of the hamster spermatozoa (present study), dislodging the acrosomal matrix from the sperm completely, after harvesting them at different time points of capacitation, would enable the biochemical investigation of the time course of tyrosine phosphorylation of E3 from only the principal piece of the sperm flagella. Figure 9A shows the protein loading of acrosome dislodged spermatozoa at different time points of capacitation (by Ponceau S stain), while as an evidence of acrosomal dislodgement figure 9B shows the presence of the acrosomal marker P26h only in the intact sperm (Ts) and not in the acrosomal dislodged sperm. Figure 9C shows that the level of E3 in the principal piece of hamster sperm flagella did not vary during capacitation (taking into consideration the protein loading as in Fig. 9A ). The presence of tyrosine phosphorylated form of E3 in the principal piece of hamster sperm flagella, as detected by immunofluorescence (Fig 7,8) , is confirmed in figure 9D . The figure further shows the increase in its tyrosine phosphorylation along the time course of capacitation till 4 th hour of capacitation and decrease again till the 7 th hour (Fig 9D) . Further we followed the time course of tyrosine phosphorylation of E3 in intact hamster spermatozoa (acrosomes not dislodged). With the total protein loaded (Fig. 10A ) and alpha tubulin as controls (Fig.10B) it is clear that the amount of E3 is invariant even in intact hamster spermatozoa during the time course of capacitation.
However, the tyrosine phosphorylation of E3 showed a continuous increase from 0 th hour to the 7 th hour of capacitation in intact spermatozoa (Fig.10D) . In the tyrosine phosphoprotein analyses (Figs. 9D  and 10D ), the other tyrosine phosphorylated protein bands (not of interest in this paper) are also shown for the appreciation of the fact that different proteins have different kinetics of phosphorylation during capacitation. The comparison of the time course of tyrosine phosphorylation of acrosome intact and acrosome dislodged sperm clearly indicate the contribution of tyrosine phosphorylation from the acrosomal E3 in the later time points of capacitation, being maximum at the 7 th hour (compare figures 9D and 10D) . Thus, our results indicate differential tyrosine phosphorylation kinetics of E3 in the analyses of acrosome dislodged sperm (contribution from the principal piece) and that of the acrosome intact sperm (contribution from acrosome and principal piece) during hamster capacitation.
Regulated directional activity of hamster sperm dihydrolipoamide dehydrogenase during hamster sperm capacitation-
To determine the enzymatic status of the dihydrolipoamide dehydrogenase (E3) of hamster spermatozoa, we first checked for the three important enzymatic properties of E3 namely, NADH specificity (57), heat stability (75 о C for 5 minutes) (58) and inhibition by its specific inhibitor, 5-methoxyindole-2-carboxylic acid (MICA) (59) . As it is shown in Table 1 , hamster sperm E3, like other E3s, is not functional when NADH is replaced by NADPH (zero activity); heat treatment (75 о C for 5 minutes) does not inactivate hamster sperm E3 (same activity to that of the control); the enzyme is inhibited by MICA, its specific inhibitor (zero activity).
Further, the bi-directional dehydrogenase activity of hamster sperm E3 was assessed at different time points during capacitation in total sperm lysates. The method used for the preparation of the sperm lysate has been shown to extract all the E3 from the spermatozoa into the soluble fraction leaving nothing in the pellet (27) . The forward and reverse activities showed different regulation during the course of capacitation. The reverse activity of the enzyme (lipoamide is reduced to dihydrolipoamide accepting electrons from NADH) showed a progressive increase in activity during capacitation with a peak at 4 hours and a decline thereafter (Fig. 11A) . On the other hand, the forward activity of hamster sperm E3 (dihydrolipoamide is oxidized to lipoamide and NADH is produced as NAD acts as the electron acceptor) increased as capacitation progressed and maximum activity was obtained at the end of capacitation at 5-7 hours (Fig. 11A) . No significant correlation between the forward and the reverse activities of the enzyme was found (r s being 0.22 which is not significant at any level). The progress in forward activity was found to positively correlate well with the progress in the number of acrosome reacted hamster spermatozoa (Fig.  11B) . The correlation coefficient (r s ) between the forward activity and the number of acrosome reacted spermatozoa was found to be 0.874 and the correlation was significant at the level of 0.01. Thus, the data suggest a probable control on the directionality of hamster sperm E3 activity during capacitation.
Discussion
The male gamete, spermatozoon, is a highly specialized cell of the body. During spermiogenesis, in the testis, a thorough reorganization of cellular proteins (and organelles) takes place in the haploid spermatid, reflected ultimately in the unique morphology of the mature spermatozoon. Phospholipid hydroperoxide glutathione peroxidase (PHGPx) is a cytosolic protein in somatic cells, which is found to be associated with the mitochondria in the mature spermatozoa (50) . On the other hand, Voltage dependent calcium channels (VDAC2 and VDAC3), which are mitochondrial porins in somatic cells, are found to be associated with the cytoskeletal elements (outer dense fibres) in the bovine sperm flagella (60) . It is obvious that such dramatic changes in localization probably imply fulfillment of specific functions. In this paper we demonstrate that dihydrolipoamide dehydrogenase, the E3 subunit along with its host pyruvate dehydrogenase complex (PDHc), exhibits a noncanonical localization in mammalian spermatozoa. The enzyme is canonically localized in mitochondria in the eukaryotic systems investigated so far (29) , (Fig 1B) . However, in cyanobacteria a periplasmic form (61) and in soya bean a nodular form (62) have been found. In this report we show that dihydrolipoamide dehydrogenase (E3) shows dual localization in the acrosomal matrix and in the principal piece of the flagella of hamster spermatozoa, as we also observed for, the host complex, PDHc (Fig. 2) . This result is very interesting since it is known that the glycolytic apparatus is localized in the principal piece of mammalian spermatozoa (3) and adds to the idea of compartmentalized metabolic pathways in spermatozoa. Mention may be made of the fact that the dissolution of the disulphide rich sperm mitochondrial sheath requires a reducing agent (63) . We were able to completely solubilize E3 without a reducing agent (27) which further supports the extra mitochondrial localization of E3. Reorganization of proteins during sperm capacitation is a common phenomenon (64-66) but E3 did not show any change in localization during capacitation (Fig. 1K) . The increase in the intensity of E3 staining in the principal piece of the flagella of a terminally differentiated cell like spermatozoa (also observed for host complex PDH, data not shown) is probably due to the increase in the accessibility of the antigen as immunoblotting showed presence of invariable levels of E3 in the flagella in all time points of capacitation (Fig. 9C) . In our previous study we have shown that E3 exhibits dual involvement in the phenomena of hyperactivation (enhanced motility) and acrosome reaction during hamster sperm capacitation (27) . In the light of these studies the observed dual localization of E3 and PDHc, in the flagella (principal piece) and acrosome of hamster spermatozoa, becomes very relevant.
Acrosome is surrounded by an outer acrosomal membrane (underlying the plasma membrane), and an inner acrosomal membrane (overlying the nucleus) (54) . The acrosomal compartment can be structurally and biochemically divided into a soluble part and a matrix (45) . Sperm acrosome reaction is an exocytotic process during which the sperm plasma membrane fuses with the underlying (outer) acrosomal membrane and concomitantly releases the acrosomal proteins thus exposing the proteins of the inner acrosomal membrane to aid the sperm in penetrating the oocyte. Acrosin (67) and mouse sp56 (68) (and its gunea pig homolog AM67 (47)), are two important candidates of the acrosomal matrix. This report adds hamster sperm E3 (56kDa) to the list (Fig.  4) , which could also be the 56kDa protein identified in a study attempting to isolate the acrosomal matrix proteins from hamster spermatozoa (45) . Acrosome reaction is believed to be a gradual and regulated phenomenon. In mouse (69) and guinea pig (70) spermatozoa it has been demonstrated that the soluble part of the acrosome is released first followed by differential release of matrix components, during acrosome reaction. Therefore, the release of E3 only by complete acrosome reacted spermatozoa (A23187 treated, Fig. 4A ) and not by partial acrosome reacted spermatozoa (Fig. 4B) can be attributed to its localization in the acrosomal matrix.
In our previous study we could identify the mitochondrial signal sequence of E3 from hamster testis cDNA (27) , thus localization of E3 in the extra mitochondrial (acrosomal) locations is quite intriguing. Mitochondrial proteins (51, 71, 72) show a typical granular staining around the nucleus in the spermatocytes in agreement with the observation that mitochondria are located very close to the outer nuclear membrane in these cells (73) . On the other hand, the Golgi (the organelle from which the acrosome originates) proteins in a spermatocyte appear to have characteristic juxtanuclear localization, like in any other cell (56) . Only recently researchers have begun to realize the connection between Golgi and mitochondria in spermatogenesis. Knock out mice of Hrb (or Rab) (74) and Golgi-associated PDZ-and coiled-coil motif-containing (GOPC) protein (75), both being Golgi proteins, have been independently shown to have dramatic defects in the mitochondrial sheath formation. Our immunohistochemistry results further indicate that E3 shows a mitochondrial type staining in the spermatocytes while in the early spermatid it appears to collect near the point from where acrosome begins to develop from the Golgi (56) (Fig. 6) ; in no other stages in the testicular sections did E3 appear to be a Golgi protein (data not shown). Thus, our data along with others (as mentioned), hint towards the existence of a "protein transport machinery" between Golgi and mitochondria during the conversion of tetraploid pachytene spermatocytes to haploid spermatozoa.
During sperm capacitation an array of proteins have been found to be tyrosine phosphorylated (10) . Researchers have proved the involvement of tyrosine phosphorylation events in the capacitation associated events hyperactivation (76, 77) and acrosome reaction (18) but presence of capacitation dependent tyrosine phosphorylated proteins have been mostly detected in the flagella of spermatozoa and almost none in the acrosome (78) . We previously reported E3 as a tyrosine phosphorylated protein (27) and the dual localization of E3 necessitated investigation of tyrosine phosphorylation of E3 in both the locations.
We could detect the tyrosine phosphorylated form of this bi-directional enzyme, in the (principal piece of the) flagella of hamster spermatozoa by immunofluorescence (Fig. 7,8 ) and further confirmed it by immunoblot analyses (Fig. 9) . Further, our biochemical studies on the time course of E3 tyrosine phosphorylation during capacitation, indirectly suggest the presence of a tyrosine phosphorylated form of E3 also in the acrosome of hamster sperm (compare Fig. 9D and 10D) ; kinetics of capacitation dependent E3 phosphorylation being different in immunoblot analyses of acrosome intact and acrosome dislodged spermatozoa. The failure to detect E3 phosphorylation in the acrosome by the immunofluorescence studies could be due to antigen masking in this tightly packed organelle. It is, however, not clear if the site of the apparent tyrosine phosphorylation in both the locations are same but the presence of 9 tyrosines in the sequence of E3 (27) probably qualifies it to be a protein undergoing hyperphosphorylation. The different kinetics of tyrosine phosphorylation of E3 in the acrosome dislodged sperm (contribution from the principal piece) and that of the acrosome intact sperm (contribution from acrosome and principal piece) during hamster capacitation thus justifies independent involvement of the bi-directional enzyme E3 in hyperactivation and acrosome reaction, as we have reported before (27) .
Our results, for the first time, show that the forward and the reverse activities of E3 in hamster spermatozoa are differentially regulated during capacitation. The regulation of the reverse activity of the enzyme correlates to a considerable extent to that of the tyrosine phosphorylation kinetics of the E3 in the principal piece (Fig. 9D and 11A) . Furthermore, the strong correlation of the forward activity with the acrosome reaction can also be extended to the apparent contribution of the tyrosine phosphorylation from the acrosomal E3 in the terminal stages of capacitation (5.5 to 7 hours) when acrosome reaction is maximum (Fig. 11B and 10D). Thus, it is possible that the tyrosine phosphorylated E3 in the principal piece of the sperm flagella could be driving more of the reverse reaction whereas that in the acrosome could be driving more of its forward reaction. Unlike other somatic cells, the pyruvate-lactate metabolism and its link to ATP production in the male gamete is still in the dark for the following reasons: a) the presence of a mitochondrial lactate dehydrogenase in spermatozoa (26) b) pyruvate metabolism in (bovine) spermatozoa is not linked to oxidative phosphorylation through mitochondrial electron transport chain (59) c) knock out mice of cytochorome C are fertile, ruling out indispensability of electron transport chain in sperm functioning (79) while knockout of the glycolytic enzyme GAPDH is defective in motility in spite of having no deficiency in oxygen consumption (80) . Thus the role of the pyruvate metabolic enzymes like E3 (in PDHc) and others in sperm capacitation still remains to be explored. This is the first report of the extra mitochondrial localization of dihydrolipoamide dehydrogenase (E3) along with its host complex, pyruvate dehydrogenase complex (PDHc), in the acrosome and principal piece of the sperm flagella. It is important to note here, that most of the earlier studies on mitochondrial activity including pyruvate metabolism studies, in spermatozoa have used total sperm permeabilized in various ways (81) (82) (83) and thus the extra-mitochondrial contribution might have been overlooked. The mitochondrial type rather than a Golgi type localization of dihydrolipoamide dehydrogenase in the spermatogenic cells suggest a link between the two organelles which could deliver the mitochondrial enzyme to the Golgi forming the acrosome during spermatogenesis. Furthermore, the results presented in this report bring out clearly the dual involvement of dihydrolipoamide dehydrogenase on the basis of the novel dual localization, dual tyrosine phosphorylation kinetics and dual regulation of the bi-directional enzyme activity in sperm capacitation. Colocalization between E3 (green) and phosphotyrosine residues (red) is shown when cover slips were incubated with anti-phosphotyrosine antibody first. In non-capacitated sample absence of tyrosine phosphorylation causes no colocalization (A, B, C). In capacitated sample there is a strong colocalization (D, E, F), which disappears when E3 antibody is used first to block E3 epitopes (G, H, I). Bar represents 5 µm. . The forward activity and the acrosome reaction appeared to follow the same progress during capacitation, the values at each time point being positively correlated to each other (B). The Spearman's correlation coefficient was found to be 0.874 and was significant at p<0.01. The experiment was performed with three animals. # Control represents activity in presence of NADH as cofactor and without heat treatment.
Figure Legends
** The value '0' signifies that the activity of the enzyme is totally inhibited.
